Cyanobacteria acclimatize to nitrogen deprivation by changing cellular metabolism. The nitrogen-regulated response regulator A (NrrA) is involved in regulation of carbon metabolism in response to nitrogen deprivation. However, it has not been elucidated whether these regulatory functions of NrrA are particular to a few model strains or are general among diverse cyanobacteria. In this study, we showed that regulation and functions of NrrA were highly conserved among b-cyanobacteria, which included physiologically and ecologically diverse strains. All b-cyanobacteria had the nrrA gene, while it was absent in a-cyanobacteria. The canonical NtcA-dependent promoter sequence was found upstream of the nrrA genes in most b-cyanobacteria, and its expression was indeed induced by nitrogen deprivation. Biochemical and physiological analyses of NrrA from phylogenetically distinct cyanobacteria indicated that regulation of NrrA activity and NrrA functions, namely activation of glycogen catabolism, were also common to b-cyanobacteria. These results support the conclusion that NrrA plays an important role in acclimatization to nitrogen deprivation, and that activation of glycogen catabolism is a primitive response to nitrogen deprivation in b-cyanobacteria.
INTRODUCTION
Cyanobacteria are a morphologically and physiologically diverse group of bacteria characterized by oxygenic photosynthesis. Cyanobacteria inhabit almost all of the illuminated biosphere, where they are the main primary producers of organic compounds. Cyanobacteria can be divided into two groups, a-cyanobacteria and b-cyanobacteria, based on their type of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) [1] . In most ecosystems, cell growth is often limited by the deprivation of combined nitrogen [2] . Many cyanobacteria are able to avoid nitrogen starvation by using atmospheric dinitrogen as a nitrogen source by expressing nitrogenase, while strains without nitrogen fixation ability adapt to nitrogen starvation by differentiating to resting cells, in which photosynthetic pigments are degraded, photosynthetic ability declines and protein synthesis stops [3] . Hence, non-nitrogen-fixing cyanobacteria can survive long-term starvation in a dormant state. In either case, gene expression patterns are substantially changed in response to nitrogen deprivation [4] [5] [6] [7] . Transcriptional regulatory systems that sense the nitrogen signal and respond to it are crucial for cellular acclimatization to nitrogen stress [8] .
NtcA, a transcriptional regulator of the cAMP receptor protein family, is a global regulator of the nitrogen response in cyanobacteria [9] and is conserved among all cyanobacterial genomes determined so far [10] . The DNA binding activity of NtcA is regulated by binding of 2-oxglutarate (2-OG), which is a key metabolite that controls the nitrogen response in bacteria [11] . In cyanobacteria, intracellular 2-OG levels are increased by withdrawal of combined nitrogen from the medium [12, 13] and its increase elicits responses to nitrogen deprivation [14, 15] . The 2-OG-activated NtcA binds its recognition sequence, resulting in transcriptional induction of target genes [16] [17] [18] . NtcA recognizes a palindromic sequence GTAN 8 TAC, typically located 22 nt upstream of the À10 promoter sequence TAN 3 T. NtcA regulates the expression of many genes involved in nitrogen metabolism, as well as genes for transcriptional regulators, including the nitrogen-regulated response regulator A (NrrA). NrrA is a response regulator belonging to the OmpR family. The nrrA gene was first identified as a gene induced by nitrogen deprivation in the heterocyst-forming filamentous cyanobacterium Anabaena sp. PCC 7120 (hereafter Anabaena PCC 7120) [6, 19] , and then in the unicellular non-nitrogen-fixing cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis PCC 6803) [20] . In Anabaena PCC 7120, NrrA regulates expression of the glgP1 gene encoding glycogen phosphorylase, which catalyses the first step reaction of glycogen degradation [21] . NrrA is involved in the regulation of nitrogen fixation by enhancing glycogen catabolism. In Synechocystis PCC 6803, NrrA supports growth with glucose under dark conditions by regulating genes involved in glycogen degradation and glycolysis [20, 22] .
Glycogen, a branched polymer of glucose, is photosynthetically synthesized in cyanobacteria [23] . Glycogen is catabolized to produce ATP and NADPH to sustain cellular activities during the dark period [24, 25] . Glycogen is also related to resistance against environmental stress, such as salt and reactive oxygen species [26] . Moreover, glycogen synthesis is involved in adaptation to nitrogen starvation. Intracellular glycogen levels are rapidly increased after nitrogen deprivation [25, 27] . Mutants of glycogen synthesis are unable to adequately respond to nitrogen deprivation and to survive prolonged periods of starvation. It is also suggested that glycogen catabolism plays an important role in the recovery from a dormant state that is induced by nitrogen starvation [28] .
Transcriptional regulation during nitrogen deprivation has been well studied in cyanobacteria, but those studies have been mostly performed with a few model strains, such as Synechococcus elongatus PCC 7942, Synechocystis PCC 6803 and Anabaena PCC 7120, all of which are freshwater, mesophilic cyanobacteria. The stress responses of cyanobacteria vary depending on their habitats and phylogeny [29, 30] , whereas there is a core response shared by diverse cyanobacteria [31] . To fully understand adaptation strategies for nitrogen deprivation in cyanobacteria, it is important to identify a core response and accumulate knowledge of specific responses related to habitats and phylogeny. In this study, we found that b-cyanobacteria with distinct physiological and ecological aspects had the nrrA gene in common. Moreover, transcriptional regulation of nrrA, regulation of NrrA activity and physiological functions of NrrA, namely activation of glycogen catabolism, were well conserved among b-cyanobacteria, indicating that NrrA plays a crucial role in acclimatization to nitrogen deprivation by regulating glycogen catabolism.
METHODS
Strains and culture conditions Anabaena PCC 7120, Synechococcus elongatus PCC 7942 and Leptolyngbya boryana dg5 were grown at 30 C in BG-11 medium [32] . Thermosynechococcus elongatus BP-1 was grown at 45 C in BG-11 medium. Liquid cultures were continuously illuminated at 30 in A + medium [33] . Arthrospira platensis NIES-39 was grown at 30 C with continuous illumination at 30 µmol photons m À2 s À1 in SOT medium [34] . All liquid cultures were bubbled with air containing 1 % (v/v) CO 2 . For nitrogen deprivation experiments, cells in the mid-logarithmic phase were washed with sterile water three times and then resuspended into the medium without combined nitrogen, followed by cultivation under the same conditions as mentioned above.
Mutant construction
Primers used in this study were designed based on genome data from CyanoBase [35] and listed in Table S1 (available in the online Supplementary Material). The nrrA gene of Synechococcus elongatus PCC 7942 was inactivated as follows. Upstream and downstream fragments of nrrA amplified by PCR using the primer pairs syfnrrA-5F and syfnrrA-5R, and syfnrrA-3F and syfnrrA-3R, respectively, were sequentially cloned into pBluescript II KS + (Agilent Technologies), and then a spectinomycin resistance cassette derived from plasmid pDW9 [36] was inserted between the upstream and downstream fragments. The resultant plasmid was used for transformation of Synechococcus elongatus PCC 7942.
Anabaena PCC 7120 having the mutated nrrA gene was produced as follows. A DNA fragment carrying the nrrA gene and its promoter region was amplified by PCR using the primer pair 4312F2 and 4312R. The amplified DNA was cloned between the SacI and KpnI sites of pSU101, which was generated by removing the EcoRV fragment that included the origin of replication of pDU1 plasmid from pAM505 [37] , to construct pSnrrA. Plasmid pSnrrAD54A expressing NrrA with substitution of Ala for Asp at position 54 was generated using the PrimeSTAR mutagenesis basal kit (Takara Bio). pSnrrA and pSnrrAD54A were transferred by conjugation into the nrrA disruptant DR4312S [6] according to the method of Elhai et al. [38] to construct single recombinants CSRnrrA and CSRD54A, respectively. The sequence of the nrrA gene in each strain was confirmed by DNA sequencing.
The sasA mutant of Anabaena PCC 7120 was constructed as follows. A DNA fragment containing the sasA gene was amplified by PCR using the primer pair 3600 F and 3600 R and cloned into the HincII site of pHSG298 (Takara Bio). A spectinomycin resistance cassette excised from pDW9 was inserted into the ScaI site that lies at 782 bases downstream of the 5¢ end of the sasA gene. The SacI and XhoI fragment was excised from the resultant plasmid and cloned between the SacI and XhoI sites of pRL271 [39] to construct pR3600S. pR3600S was transferred by conjugation into Anabaena PCC 7120 as described above to construct the sasA disruptant DR3600S.
RNA isolation and analysis
Total RNA was isolated from cells that were collected at the indicated time using an RNeasy Mini Kit (Qiagen) or according to the method of Pinto et al. [40] , and treated with DNase I (Takara Bio). Quantitative RT-PCR (qRT-PCR) was performed as described previously [21] using THUNDERBIRD SYBR qPCR Mix (Toyobo) and each gene-specific primer set. Transcript levels were normalized against the value for 16S rRNA and relative transcript levels were represented as means of duplicate mesurements. The 5¢ end of the nrrA transcript in Synechococcus PCC 7002 was determined by RACE-PCR with primer sypnrrA-RACE as described previously [21] .
Gel mobility shift assay His-tagged NrrA proteins of Anabaena PCC 7120 were overproduced and purified from Escherichia coli as described previously [41] . Asp-54 of NrrA of Anabaena PCC 7120 was replaced with Ala by site-directed mutagenesis using the PrimeSTAR mutagenesis basal kit (Takara Bio). NrrA of Synechococcus PCC 7002 was expressed from expression plasmid pEsypNrrA. The nrrA gene of Synechococcus PCC 7002 that was amplified by PCR using the primer pair sypNrrA-F and sypNrrA-R was cloned between the NdeI and BamHI sites of pET-28a (Merck Millipore) to construct pEsypNrrA. NrrA of Synechococcus elongatus PCC 7942 was solubilized by being expressed as a fusion protein with Protein S from the pCold ProS2 plasmid (Takara Bio). The nrrA gene of Synechococcus elongatus PCC 7942 was amplified by PCR using the primer pair syfNrrA-F and syfNrrA-R and cloned between the NdeI and BamHI sites of pCold ProS2. Purification of NrrA proteins of Synechococcus PCC 7002 and Synechococcus elongatus PCC 7942 was performed using the Ni-NTA Fast Start Kit (Qiagen) according to the manufacturer's instructions.
A gel mobility shift assay was carried out using Cy3-labelled probes as described previously [41] . Probes P1 (previously named as P1272) and P2 (previously named as P2395) were prepared as described previously [21, 42] using a Cy3-labelled primer Cy3-M13-F.
Yeast two-hybrid (YTH) analysis YTH analysis was carried out as described previously [43] . Bait and prey proteins were expressed from the GAL4 DNA binding domain fusion vector pGBTK [44] and the GAL4 activation domain fusion vector pGAD424 (Takara Bio), respectively. The entire region and the Rec domain or the HK domain of each protein were amplified by PCR and cloned between the EcoRI and BamHI sites of pGBTK and pGAD424.
RESULTS
The nrrA gene is conserved among b-cyanobacteria Using genomic data of 94 strains of cyanobacteria that were available from the KEGG GENOME Database on 1 March 2017 [45] , we analysed the distribution of NrrA in cyanobacteria. We included L. boryana dg5 in this analysis [46] Fig. 1. Changes in nrrA transcript levels after nitrogen deprivation in Anabaena PCC 7120 (ana) (a), Synechococcus PCC 7002 (syp) (b), Synechococcus elongatus PCC 7942 (syf) (c), Thermosynechococcus elongatus BP-1 (tel) (d), Arthrospira platensis NIES-39 (arp) (e) and Leptolyngbya boryana dg5 (dg5) (f). Abbreviations for all cyanobacterial strains are listed in Table S2 . Transcript levels were determined by qRT-PCR in dupicate using at least three independently grown cultures. The transcript level at 0 h (before nitrogen deprivation) was taken as 1.
and excluded two strains lacking Rubisco, one being a nonphotosynthetic cyanobacterium called 'spheroid body' that is a endosymbiont of a diatom [47] and another a unicellular nitrogen-fixing cyanobacterium (UCYN-A) that has a symbiotic association with an alga [48] . Phylogenetic analysis for the large subunit of Rubisco from the 93 cyanobacteria mentioned above indicated that 25 strains belonged to a-cyanobacteria and 68 strains to b-cyanobacteria (Fig. S1) . Next, we searched for NrrA homologues from the genome of 93 cyanobacteria using NrrA of Anabaena PCC 7120 as a query. All b-cyanobacteria possess an NrrA orthologue that is a reciprocal best hit to NrrA of Anabaena PCC 7120, while best-hit proteins in a-cyanobacteria are more similar to another OmpR-type response regulator RpaB than to NrrA (Fig. S2) . This indicates that NrrA is a conserved transcriptional regulator among b-cyanobacteria.
Expression of nrrA is induced by nitrogen deprivation under the control of NtcA The expression of nrrA is induced by nitrogen deprivation in Anabaena PCC 7120 [6, 19] and Synechocystis PCC 6803 [20] . In this study, we investigated the transcriptional regulation of nrrA in physiologically and phylogenetically diverse cyanobacteria. Besides the heterocyst-forming cyanobacterium Anabaena PCC 7120, two filamentous strains, Arthrospira platensis NIES-39 and L. boryana dg5, were included. Arthrospira platensis NIES-39 is a non-nitrogenfixing strain that is tolerant to high pH and high salt concentrations [49] and L. boryana is able to fix nitrogen under anaerobic conditions without forming heterocysts [50] . In addition, three unicellular strains, Synechococcus elongatus PCC 7942, Synechococcus PCC 7002 and T. elongatus BP-1, were used. Synechococcus elongatus PCC 7942 is a freshwater strain, while Synechococcus PCC 7002 is a euryhaline, estuarine strain [51] . T. elongatus BP-1 is a thermophilic strain isolated from a hot spring [52] . Changes of nrrA transcript levels in each strain were investigated by qRT-PCR. Expression of nrrA was induced by nitrogen deprivation in all six strains used here (Fig. 1) . In Anabaena PCC 7120, the nrrA transcript level was increased more than 10-fold after 8 h of nitrogen deprivation, and then decreased at 24 h when combined nitrogen was supplied by nitrogen fixation (Fig. 1a) . In the unicellular strains, expression of nrrA was induced 3 h after nitrogen deprivation, remaining high until 6 h (Fig. 1b-d) , while the nrrA transcript levels of Arthrospira platensis and L. boryana were continuously increased until 9 h after nitrogen deprivation (Fig. 1e, f) . Fig. 2 shows sequences of promoter regions of the nrrA gene. The nrrA gene of Anabaena PCC 7120 is expressed from the NtcA-dependent promoter [6, 19] . The 5¢ end of the nrrA transcript in Synechococcus PCC 7002 was determined by RACE-PCR experiments. It was situated at position À26 in relation to the initiation codon, and the canonical NtcAdependent promoter, which consisted of the NtcA-binding site and the À10 promoter sequence, was found upstream of the 5¢ end (Fig. 2) . The NtcA-dependent promoter was also found within upstream regions of nrrA of Synechococcus elongatus PCC 7942, T. elongatus, Arthrospira platensis and L. boryana. Moreover, the canonical NtcA-dependent promoter upstream of the nrrA gene was found in 62 out of 68 b-cyanobacteria (Fig. S3) . In two of the remaining six strains, the NtcA-binding site was found upstream of the nrrA gene, but it was not accompanied with the À10 promoter sequence. Expression of nrrA could be regulated by NtcA in response to the cellular nitrogen status in b-cyanobacteria.
NrrA recognizes an inverted repeat sequence
NrrA of Anabaena PCC 7120 is shown to bind to the glgP1 promoter region and is suggested to recognize the inverted repeat sequence, GTCAN 8 TGAC [21, 42] . We examined whether the DNA binding property of NrrA was conserved among b-cyanobacteria using NrrA proteins from phylogenetically distantly related species, Anabaena PCC 7120, Synechococcus PCC 7002 and Synechococcus elongatus PCC 7942 (Fig. S2) . Interaction of NrrA to probe P1, which includes the glgP1 promoter of Anabaena PCC 7120, was analysed by gel mobility shift assay (Fig. 3a) . Addition of NrrA of two Synechococcus strains decreased the electrophoretic mobility of probe P1 as well as that of Anabaena PCC 7120 (Fig. 3a, lanes  1-3) . The band intensity of the NrrA-P1 complex was decreased by addition of a non-labelled P1 fragment to the assay mixture (Fig. 3a, lanes 4 and 5) . However, a fragment P1D, in which the former half of the inverted repeat sequence was deleted from P1 ( Fig. 3b) , did not compete with P1 (Fig. 3a, lanes 6 and 7) . These results indicate that the NrrA recognition sequence is conserved among b-cyanobacteria and the inverted repeat sequence is necessary for the binding of NrrA to DNA.
NrrA regulates glycogen catabolism in Synechococcus elongatus PCC 7942
In Anabaena PCC 7120 and Synechocystis PCC 6803, NrrA regulates expression of glgP [20, 21] . To determine whether NrrA also regulates glgP expression in Synechococcus elongatus PCC 7942, an nrrA mutant was produced by deletion of the nrrA gene from the chromosome. The glgP gene is likely to constitute an operon with the upstream gene gap1, because the length of the intergenic region between them is 11 bp. Expression of glgP and gap1 in the nrrA mutant of Synechococcus elongatus PCC 7942 was analysed by qRT-PCR. Transcript levels of glgP and gap1 were increased by nitrogen deprivation, but the induction was abolished in the nrrA mutant (Fig. 4a) . In addition, we found the NrrA recognition motif within upstream regions of the gnd gene encoding 6-phosphogluconate dehydrogenase and the cox-BAC operon encoding cytochrome c oxidase (Fig. 4b) . Expression of gnd and coxB responded to nitrogen deprivation, and deletion of nrrA diminished the induction of gnd and coxB (Fig. 4a) . Thus, NrrA of Synechococcus elongatus PCC 7942 regulates the expression of the gap1-glgP operon, gnd and coxB.
The conserved Asp residue is not required for NrrA functions The DNA binding activity of a response regulator is usually regulated by phosphorylation of an Asp residue within a receiver domain. The phospho-accepting Asp residue of OmpR family response regulators of E. coli, CheY and OmpR, was conserved among NrrA proteins except for Synechococcus elongatus PCC 7942 (Fig. S4) . NrrA of Synechococcus elongatus PCC 7942 was shown to bind to DNA and function as a transcriptional regulator (Figs 3 and 4) . We therefore determined whether the conserved Asp residue (Asp-54) of NrrA of Anabaena PCC 7120 was involved in the regulation of gene expression. A strain, CSRD54A, in which Asp-54 of NrrA was replaced with Ala, was generated (indicated as DnrrA/nrrAD54A in Fig. 5 ). The nrrAD54A allele was inserted into its original locus on the chromosome of the nrrA disruptant DR4312S [6] to ensure the expression from the original promoter. Since nrrAD54A was returned by single homologous recombination, the whole plasmid sequence was integrated into the chromosome. Hence, the wild-type nrrA gene was returned to DR4312S to generate a CSRnrrA strain as a control strain (indicated as DnrrA/nrrA in Fig. 5 ). These strains were subjected to nitrogen deprivation, and induction of genes regulated by NrrA was analysed (Fig. 5) . In Anabaena PCC 7120, NrrA directly regulates expression of fraF, glgP1 and hetR [21, 41, 42] . Re-introduction of the wild-type nrrA restored the induction of fraF, glgP1 and hetR to the wild-type level (Fig. 5) , indicating that artefacts of plasmid integration were negligible. The nrrAD54A allele was also able to complement the nrrA disruption. Expression patterns of the NrrA-regulated genes in CSRD54A were comparable to those of CSRnrrA (Fig. 5) . Thus, Asp-54 is dispensable for the regulation of gene expression in response to nitrogen deprivation.
Most response regulators that are regulated by phosphorylation are autophosphorylated in vitro in the presence of the small phosphate donor acetyl phosphate [53] . As the putative phosphorylation site of NrrA was not required for NrrA function, we investigated the effects of acetyl phosphate on the DNA binding activity of NrrA. NrrA of Anabaena PCC 7120 incubated with or without acetyl phosphate was used for gel mobility shift assays (Fig. 6a) . The interaction between NrrA and the fraF promoter region (probe P2) or the glgP1 promoter region (probe P1) was analysed. Incubation with acetyl phosphate did not affect the DNA binding activity of NrrA to either promoter region. Next, a D54A mutant NrrA protein was prepared for gel mobility shift assay (Fig. 6b) . The D54A mutant protein bound to the fraF promoter in a similar way to the wild-type protein. These results confirm that NrrA of Fig. 5 . Effects of the Asp substitution of NrrA on transcript levels of the NrrA regulon in Anabaena PCC 7120. Transcript levels of fraF, glgP1 and hetR were determined by qRT-PCR before (white bars) and 8 h after nitrogen deprivation (black bars). WT: Anabaena PCC 7120, DnrrA: the nrrA disruptant DR4312S, DnrrA/nrrA: DR4312S complemented with the nrrA gene, DnrrA/nrrAD54A: DR4312S complemented with the nrrAD54A allele, DsasA: the sasA disruptant DR3600S. Experiments were repeated three times. The transcript level of the wild-type strain before nitrogen deprivation was taken as 1. Data that represent a significant difference (P<0.01) by applying the t test between the wild-type and each mutant strain are marked with a star.
Anabaena PCC 7120 is not regulated by phosphorylation of the conserved Asp residue.
NrrA of Synechococcus elongatus PCC 7942 is shown to interact with a His kinase SasA by the Y2H analysis [43] . We determined the interaction between NrrA and SasA (All3600) of Anabaena PCC 7120. Although homodimer formation of NrrA or SasA was observed, interaction between NrrA and SasA within yeast cells was not detected (Fig. 7) . Moreover, the sasA disruptant of Anabaena PCC 7120 showed normal induction patterns of the NrrA regulon in response to nitrogen deprivation (Fig. 5) . SasA was not involved in the regulation of NrrA activity, even though NrrA retains the conserved Asp residue.
DISCUSSION
In the present study, we showed that the nrrA gene was highly conserved among b-cyanobacteria and not present in a-cyanobacteria. Transcript levels of nrrA were increased within 3 h after nitrogen deprivation, indicating that nrrA transcription quickly responded to the nitrogen status (Fig. 1) . The canonical NtcA-dependent promoter sequence was found upstream of the nrrA gene of most b-cyanobacteria (Figs 2 and S3 ), indicating that not only the nrrA gene itself but also the regulatory system of nrrA expression is conserved among b-cyanobacteria. Moreover, physiological functions of NrrA would be common to b-cyanobacteria. NrrA of Synechococcus elongatus PCC 7942 was shown to regulate expression of gap1, glgP, gnd and coxB, which were involved in production of ATP and reductants (Fig. 4) as well as Anabaena PCC 7120 and Synechocystis PCC 6803 [20, 21, 54] . We also found that glycogen degradation and sugar catabolism are regulated by NrrA in Synechococcus PCC 7002 (Y.S. and S.E., unpublished). Thus, activation of glycogen degradation and sugar catabolism would be the universal role of NrrA. It is worth noting that glgP is also upregulated in response to nitrogen starvation in a-cyanobacteria by hitherto unidentified regulatory mechanisms [30] . In response to nitrogen deprivation, photosynthetic electron transport activity rapidly declines and intracellular glycogen levels increase [25, 27] . ATP and reductants generated through glycogen catabolism could compensate for the lowered photosynthetic activities.
NrrA in Synechococcus elongatus PCC 7942 was shown to function as a transcriptional regulator, although it lacks the conserved Asp residue that is a putative phosphorylation site (Figs 4 and S4) . Besides Synechococcus elongatus PCC 7942, some b-cyanobacteria have NrrA without the conserved Asp residue (Fig. S5) . In addition, the conserved Asp residue (Asp-54) is not required for NrrA functions in Anabaena PCC 7120 (Fig. 6) . These results strongly support the idea that phosphorylation at the conserved Asp residue has no part in the regulation of NrrA activity. The transcript level of nrrA in the presence of combined nitrogen was kept at a very low level and markedly induced by nitrogen deprivation (Fig. 1) . It has been shown that NrrA proteins are hardly detected in the presence of nitrate and quickly increase by nitrogen deprivation [20] . Moreover, overexpression of nrrA in the presence of nitrate results in increased expression of the NrrA regulon [41, 54] . These results indicate that NrrA is active without signals of nitrogen deprivation. Thus, NrrA activity would be correlated with its expression level, and not regulated by post-translational modifications such as phosphorylation.
Disruption of NrrA in Synechococcus elongatus PCC 7942 resulted in no induction of the gap1-glgP operon, gnd and coxB by nitrogen deprivation and the NrrA recognition motif was present in the upstream regions of gnd and coxB (Fig. 4) . However, we failed to find the NrrA recognition motif within the upstream region of the gap1-glgP operon and NrrA did not bind to the upstream region in gel mobility shift assays (data not shown). Hence, the effects of nrrA disruption on expression of the gap1-glgP operon would be indirect. Expression of the gap1-glgP operon is known to be directly regulated by another OmpR family response regulator, RpaA [55] . RpaA up-regulates genes involved in glycogen catabolism before entering the night under control of the circadian oscillator. RpaA activity is regulated by phosphorylation and SasA is a cognate His kinase of RpaA [56] . Although NrrA of Anabaena PCC 7120 was not associated with SasA (Fig. 7) , the interaction between NrrA and SasA might have regulatory functions under nitrogen-deprived conditions at least in Synechococcus elongatus PCC 7942. Under nitrogen-deprived conditions, when NrrA protein levels drastically increase [20] , NrrA could compete with RpaA for the interaction with SasA. NrrA itself is not regulated by phosphorylation, but could affect RpaA-dependent gene expression by altering the phosphorylation level of RpaA. b-Cyanobacteria have a large number of genes for the two-component regulatory system [57, 58] , and those constitute complex signalling systems with many relationships between His kinases and response regulators [43, 59] . Thus, functions of NrrA under nitrogen-deprived conditions could extend beyond its direct regulation of gene expression through the complex regulatory systems.
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